Even as today's most prominent spin-based qubit technologies are maturing in terms of capability and sophistication, there is growing interest in exploring alternate material platforms that may provide advantages, such as enhanced qubit control, longer coherence times, and improved extensibility. Recent advances in heterostructure material growth have opened new possibilities for employing hole spins in semiconductors for qubit applications. Undoped, strained Ge/SiGe quantum wells are promising candidate hosts for hole spin-based qubits due to their low disorder, large intrinsic spin-orbit coupling strength, and absence of valley states. Here, we use a simple one-layer gated device structure to demonstrate both a single quantum dot as well as coupling 2 between two adjacent quantum dots. The hole effective mass in these undoped structures, m* ~ 0.08 m0, is significantly lower than for electrons in Si/SiGe, pointing to the possibility of enhanced tunnel couplings in quantum dots and favorable qubit-qubit interactions in an industry-compatible semiconductor platform.
INTRODUCTION
Recent years have yielded considerable progress in semiconductor quantum dot platforms and spin-based qubit demonstrations. [1] [2] [3] [4] [5] [6] [7] [8] [9] Silicon has emerged as a leading contender for hosting spinbased qubits due to long coherence times, made possible through isotopic enrichment, and the potential for complementary metal-oxide-semiconductor (CMOS) processing. Si/SiGe heterostructures have received considerable attention due to the low-disorder interface seen by the electron spin, leading to many important results (see, e.g., the SiGe results from the above reference list). Despite these achievements, progress has been challenging due in part to material-related issues, such as inconsistent separation between the nearly degenerate valley states in the Si/SiGe system. [10] [11] [12] [13] [14] A compelling alternative approach for hosting semiconductor spin-based qubits, which could potentially circumvent these challenges without sacrificing the clean environment of Si/SiGe, is the germanium-rich heterostructure system, Ge/SiGe. The material stack features a pure strained
Ge quantum well with a SiGe barrier layer on either side containing majority Ge. The dominant charge carriers in Ge/SiGe are holes (rather than electrons in traditional Si/SiGe), with the heavy-hole and light-hole bands split by up to 100 meV as a result of confinement and strain. 15 The ground state heavy-hole band does not include nearly degenerate states, in contrast to the 3 valley states in Si. 16 An additional benefit of hole-based qubits is that the p-orbital character of holes suggests that their wavefunction vanishes at the nucleus, [17] [18] [19] [20] suppressing qubit decoherence via hyperfine interactions. In addition, both Si and Ge contain abundant naturally occurring spinless isotopes allowing for further suppression of hyperfine-induced decoherence effects through isotopic enrichment.
The relatively large cubic Rashba spin-orbit coupling (SOC) strength found in planar Ge/SiGe 15, 21 provides an intrinsic mechanism for all-electrical qubit control via electric dipole spin resonance (EDSR). 17 The ability to manipulate qubit states by applying microwave electric fields directly to a quantum dot confinement electrode provides the possibility for simplified device layout schemes, in contrast to single-spin electron systems in silicon that have used onchip micromagnets or microwave striplines for qubit control. Further, the large out-of-plane gfactor of up to g ~ 28 in the two-dimensional Ge/SiGe system 22, 23 means that a relatively small externally applied magnetic field can be used to set the rotation frequency and facilitate readout in a single spin-based qubit.
A very recent demonstration 24 of a single quantum dot in planar Ge/SiGe showed that superconductivity can be induced in the quantum well via proximal aluminum leads, with the induced superconductivity extending over length scales of several microns, 25 which could enable hybrid quantum dot-superconductor devices. Other work [26] [27] [28] [29] [30] has made use of quantum dots formed in 'hut wires,' which are Ge nanowires of triangular cross section, grown by molecular beam epitaxy, in which single spin readout and EDSR have been reported. 31 A drawback to the latter geometry is that the wire growth locations are non-deterministic and non-planar, which complicates device fabrication.
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Here, we demonstrate the feasibility of making both single and double quantum dots in a planar Ge/SiGe quantum well platform using a simple device layout, establishing the first steps toward a hole spin based qubit in this system. We demonstrate lithographic quantum dots using a single metal layer gate geometry. 32 Coulomb blockade oscillations are observed, along with Coulomb diamonds that show increasing charging energy as a function of gate bias. Coupling between two adjacent quantum dots is also demonstrated through the observation of a honeycomb pattern in a charge stability diagram. Additional transport measurements yield a value of the hole effective mass of m* ~ 0.08 m0, significantly lower than for electrons in Si/SiGe. These results suggest that the Ge/SiGe system has excellent promise for novel spin-based qubit applications.
RESULTS AND DISCUSSION
The quantum dot devices featured in the following sections, as well as Hall bars used for initial material characterization, were prepared from two similar wafers grown back-to-back. The undoped, strained Ge/SiGe heterostructures were grown on Si substrates by reduced-pressure chemical vapor deposition, as reported elsewhere. 33 We first performed transport characterization of Hall bars (see the Supporting Information and Ref. 34 ), the results of which attest to the high quality of the material and suggest that it is favorable for hosting hole quantum dots. The effective mass of holes in this system is found to be m* ~0.08 m0 (where m0 is the bare electron mass), close to that of electrons in GaAs (m* ~0.067 m 0 ). This implies that the spatial extent of the hole wavefunction will be wider than that of electrons in silicon, with an effective mass of mSi ~0.19
m0.
A relatively large spatial wavefunction could enhance tunnel couplings in quantum dots, facilitating qubit-qubit interaction, as well as relax lithographic constraints on gate geometries. In the following sections, we take the initial steps to explore these possibilities by demonstrating enhancement-mode single and double quantum dots in this material.
For the quantum dot studies, two devices-labelled Q1 and Q2-were prepared with Ohmic contacts and metallic top gate electrodes using a similar process as for the Hall bars. Device Q1 featured a SiGe buffer layer with 15% Si and was prepared with a gate oxide layer of 100 nm Al2O3 grown by atomic layer deposition, while device Q2 had an upper SiGe layer composed of 28% Si and a thinner gate oxide layer (24 nm Al2O3 + 1 nm HfO2). The two samples were otherwise nominally identical. Both quantum dot samples were fabricated from wafers supporting peak mobility values in excess of 10 5 cm 2 /Vs. Electron-beam lithography was used to define a singlelayer set of nanoscale gate electrodes that allow local accumulation of a two-dimensional hole gas (2DHG) and lateral confinement of holes by depletion to form quantum dots. The device design is similar to one employed previously in Si/SiGe quantum dot studies. 
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A scanning electron microscopy (SEM) image of sample Q1 is shown in Fig. 1(a) . The wireshaped upper and lower accumulation gates (AGU and AGL) accumulate holes in the quantum well layer, forming the two-dimensional hole gas (2DHG), and Ohmic contacts (shown as boxed X marks) are used to monitor the conductance through the wire or quantum dot. Plunger gates (upper and lower sets of left, center, and right plungers) allow tuning of the quantum dot size and dot-reservoir tunnel barrier heights, while left and right isolation gates (LISO, RISO) ensure that the upper and lower wires can be isolated from one another, and also serve as additional tuning parameters. The upper half of the device is designed to host two quantum dots, while the lower half is designed for only one. The gate electrodes are defined in a simple single metal layer, requiring just one step of electron-beam lithography and allowing flexible alignment tolerances.
The quantum dot studies were conducted in a dilution refrigerator at T ~ 30 mK, with similar behavior observed in the two measured samples. The upper accumulation gate (AGU) was negatively biased to accumulate holes under the reservoir areas and narrow wire connecting them, as shown in Fig. 1(a) ). Typical threshold voltages for these devices range between -0.4 V and -1.6 V. Plunger and isolation gates CPU, RPU, and RISO were tuned to positive voltages to confine a quantum dot under the right segment of the upper wire. At the same time, a small ac bias of 100 µV at f = 1333 Hz was applied to the upper Ohmic contacts for monitoring the transport through the quantum dot. Charge stability diagrams of dot current as a function of various pairs of gate potentials were collected to assess the quantum dot behavior. Fig. 1 (b) shows an example of such a plot, tracking the dot current as a function of the voltages on depletion gates RISO and RPU. Clear diagonal Coulomb oscillations appear as the depletion gates are ramped through their respective ranges, corresponding to individual holes being removed from the dot as the gate bias is increased. In Fig. 1 (c Fig. 1(c) .
In addition to forming a single quantum dot, the device structure can also be configured to confine holes in two adjacent quantum dots, as lithographically defined in the upper device channel. Fig. 3 shows a stability diagram, collected using sample Q2, of dot conductance (color scale) as a function of upper left and upper right plunger gate potentials. The honeycomb-shaped anti-crossing features are consistent with the interplay between holes in the two separate quantum dots. We note that the potential landscape imposed by the gates naturally forms a double dot, and no bias is required on the center plunger gate, CPU, to achieve this configuration. quantum dot in the experiment that has similar lateral extent as seen in the simulation. 41 
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The qualitative agreement between the simulations and the experimental observations indicates that the gate layout on this material stack produces a quantum confinement potential which is broad and shallow with very transparent tunnel barriers. As suggested by the simulations, such a potential is only able to confine a small number of charge carriers. This is consistent with the experimental observations in Fig. 1(c) where the Coulomb diamonds grow in size as the number of holes in the quantum dot is reduced, which is commonly interpreted as the low-occupancy regime in laterally confined semiconductor quantum dots. [36] [37] [38] 42 We note that the tunnel-broadening excludes the possibility of observing excited states in this structure.
Finally we note, the gate layouts employed here were inspired by those successfully used in Si/SiGe for electron quantum dots, 32, 35 and the fact that a similar device design can be utilized in of carrier density p = 3.66 × 10 11 cm -2 in Fig. S1(a) . We then consider a window of magnetic field in which the field is large enough for the oscillations to be clear, yet small enough to avoid Zeeman splitting of the peaks. The amplitudes of the even filling factor dips in the resistance oscillations are extracted, and the evolution with temperature is traced over a range of carrier density values, the latter having been determined from the Hall resistance slopes. The temperature dependence of the oscillation amplitude is fit using the following Lifshitz-Kosevich expression:
, where ∆E = heB/2πm*, h is Planck's constant, and kB is Boltzmann's constant. This yields the effective mass at each density value, as shown in Fig. S1 (b) along with an example of the fit to the temperature dependence of the oscillation amplitude (inset, p = 3.67 × 10 11 cm -2 , ν = 18). The hole carriers in this system have an effective mass m* ~ 0.08 m0, where m0 is the free electron mass, independent of density over the carrier density range p = 2 -5 × 10 11 cm -2 . This is consistent with an initial report in this system that focused on higher densities, SR4 and is also close to a theoretically predicted value of m* ~ 0.05 m0. 
